FRH:

[ # 22 B N &7

niversity of Chinese Academy of Sciences

=

BLTEA0eX

Ni Z i <& FP I R WA A0 45 1 1) SR RUBE AT

(=g HHE

R FHG: AR AR HEPERE R AT
FAHLIH: Tt

FRERL: MEE S

HEFrEAL: H E BB BB AT

20154 03 A



Atomic Scale Analysis of the Fine structure for

Boride/Carbide Precipitated in Nickel-based Superalloys

By

Xiao Bing Hu

A Dissertation/Thesis Submitted to
The University of Chinese Academy of Sciences
In partial fulfillment of the requirement
For the degree of

Doctor of Materials Physics and Chemistry

Institute of Metal Research, Chinese Academy of Sciences

March, 2015



= BA

AN BT B A8 M AL I8 SORTE B IiTR 5 R T O AL LAR BT RS I BCR , A8
KENRFERUR P E R B & BT AT , AR ARIER A LR A AL 9 48 SUR R
BRAE ARSI A 2. BREEESSN, B AEEHMA RS KRN
FIFRE, AREANNFRBHARECIE TR AE. AN TR
i 28 TS B RO A RN ER Skl ©E R SCHh BB LA SR B0

. L 5,

Ag: o 4 A



HE

T

pul

BiR A SR RIF IR WRIE AR E M, R PTELE
T IR IR A AN GR35 TR RS, T N A TR RSN DAL S AL O
A, RIARER2EMEREFREAN TR RE R REmEeer&
REESERGERBHN—MKERE. BFER, MIESESEVREERMAE
TEFM T MARTEH ST TR 7 KRB X T BdEmME TR kiEmGR
A SRR — AN BN EERE. HERNT/ARIT RSN R LB
BRI SRS ST, FLB/aRE VPR Bl s R e b EETE.
BT T S EE S DI/ KRS B SURIEE LL R R RUE L.
SRT 2= T IX LA ARSI 544 IR AR B T AT TR SO i L R &
B E RS R

s

g
HE

AR (3D BT REA, FEGFEETFAHNED). EFRESS
PR MHR-TEM). EFRE 7 HEHREMHAADF-STEM). X HZ#EiE (EDX)
KT R ERARIEEELS)%, X EiRe &l IENKER T REREN
FHEHAT T RAMTIR, BEANTAKRR EEGHEUT=71E:

1 S FHRAEREESETS, KUNSUSEEENTHKERN MB 2
W, XA REHAFEREERERE. RANHMSEHIHIAERY, MB &k
FE Cl6 (FIEFEN 14/mem, A& HHCN a=5.24, c=4.3A)H C, (A4 Fddd,
P E RN a=14.7A, b=7.4 A, =4 3A) RS ARA R Cl6 Al C, BRI E
ST B H(110)c16 FN(100)cy, EAER B AA[111]c16/4 FI[011]cw/4; 7E C164
Co SRR P EAFLE 60°TR 2R M, TRBEH 2 7 (110116 FI[100]c; C16 5 Cp
AR [BAFAE AP AR, RUEE RS A AZ R o a3t 4, BUR k&
55 BR(110)c16/(100)cp~ [001]c16//[001]co FA(110)c16/(100)co~ [111]c16/[001]chs
BB AT E NS R C(ERBER P6,22, AR EECN a=4.23A,
c=10.95A). FTA XA a] IETF C, IEAZ S MR A a=n*acy/d (0T C16

5 n=2; ST C. &M, n=3;5%F T Co &1, n=4; n AFELLIEEH), b=bcn, c=ccpo
I



Ni 355 R A& /AR RS 41 45 K B R T RUE A

PoAh,  TESCIAELRE LEENT T RAL NI R VB AR S . TR AR IR
RO, MoB AR AT B B4 B . BB S ) R ) mOR S T AR
FERgRpAE e, TR PO A £ TR AR 8 AR R TR0 B IR A

2. ST R M R A SR N, (AR AR R R X
W BTy, T EAIE M;B, (D5a &4, A BN P4/mbm, &EIEHEEN
a=57A, c=3.0A)F1 MsB3(D8; 4544, 25 B BEA 14/mem, @& a=5.7A, c=10.4A)
ALY . TR0 B AT R NP, BETFFRROETR W,
Mo (B L #7R), BFREMxT b B/NIRITER Cr Co (A3 S #37), BARXT
M:B, 1, MsB; HIF E&ELE. RAMMESIMITRY, MB,. MsB; Bl
YRR BETFHEE AN, GRERDBN LSBy. LiSBsy: SIA=H
KL 5 Dbk 2 T A HE YRS AT LLR I, M3B, AEYE[001]77 0 78 4 e = Mo bE R HE SR
Tipk, FEEETN TTT 8% TTT: M,B MHFE[001]177 7584 B R AR
WERTI AR, FIRILZE R AATAA A MsB; AHFE[001177 1] ) B8 = A AN s PUAR A
A NHEE R, ARAFERA ATATAT; HF T. TRE=REE, AV A
RERIERE, HXT T A, T ASBIS001 AT 36.7° AR
M;B; (1,SBy). M;Bs (LaSB3) BIBIALAI7E(001) T _ e e A Jo_E b 23 A [T 2K
L EAIE, (R RIETFEE, MiB,. MsB; FIG M #i8Jy: 7£(001)
HEHATT |, M;B, 4F0)2 Cr. Co T2 HH —/E W, Mo SFEJFF, T MsB;
GHERE T2 AAREEERET, W, HXT MB i, MsB; EEEEILE.

3. GF BB R A 4 K SR RO R R BT HH A MasCo BUBRALADHEAT
T RGNS MR . MyCs SRR A EA WML R, BT ¥ I
TR, Wi T — ARSI, B[/ (11 p [110]c/[011]u
FI12]/[2 11w FHR Co M 2B MosCo BRALRIEMR. B4 L RE
D), - AL 25 BRI, (ESE TS A A LR MR B R, AT R AL
[ 5 ZA ) S THT 8 ARG

SMEE, SRS 4 MoB/MiBy/MsB; Bk STEARHEY; SEALHE: MaCs
WAL

II



Abstract

ABSTRACT

Xiao Bing Hu (Materials Physics and Chemistry)
Supervised by Prof. Xiu Liang Ma

Superalloys are widely used in the aviation engines and industrial gas turbines
due to the outstanding properties such as high creep strength, good oxidation
resistance and high fatigue property at high temperature. To some extent, superalloys
are indispensable materials in the national defense and the development of national
economy. And improvement of temperature resistance of superalloys is the eternal
theme in material designs. In the past few years, much work has been done in
developing new alloy systems and elucidating the deforming mechanism in various
deformation conditions. Unfortunately, the knowledge on the interstitial phases
included borides and carbides still remain rather macroscopically. In fact, trace
elements B and C were added into almost all the commercial superalloys. And the
boride/carbide emerged in almost all the matrix of superalloys which contain B/C
element. Thus a comprehensive understanding of the structural details of
boride/carbide is very important for material design and the relevant simulation based
on computer. In this work, with the help of various transmission electron microscopy
(TEM) techniques, we systematically investigate the microstructural characteristics of

the boride/carbide. The main conclusions are listed as follows.

1. A great number of M,B-type boride precipitated in the nickel-based superalloys
bearing boron subjected to long-term aging treatment; M,B grains are always heavily
faulted and possess mainly two structural variants, namely C16 and Cy; the atomic
planes and displacement vectors of stacking faults are determined to be (110)cis, [li
1]c16/4 in C16 structure and (100)cp, [011]cy/4 in Cy, structure; 60° rotation twins are
identified in both C16 and C,, structures with rotation axes along [110]c16 and [100]cy
direction, respectively; two intergrowth modes are distinguished in the C16 and Cy

structure; crystal structure of the M,B-type borides can be outlined in terms of
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polytypism, whose representative characteristic is the conservation of the basic square
anti-prism building block which consists of one boron atom in center and eight metal

atoms in vertex.

2. In the transient liquid phase (TLP) bonded sample, two types of boride
including M;B, and MsB; phase are identified; metal atoms in the lattice of M3;B; and
M;B; phase are orderly occupied; by dividing the metal elements constituted the
boride into two groups, such as heavy elements with large atomic radius and light
metal elements with small atomic radius, the orderly occupied M;B, and MsB3 phase
can be treated as ternary boride with the chemical formula of L,SB, and LsSB;
respectively, where L represents large metal atoms and S represents small metal
atoms; by introducing the concept of polyhedron stacking, the plane defects along

(001) plane for L,SB, and L4SB; phase are interpreted as polyhedral intergrowth.

3. In the long-term aging heat resistant superalloy, besides the M>B-type boride,
precipitation of the MyCe-type carbide is also popular. As for the orientation
relationship (OR) between Mj;Cs and matrix, apart from the well-known
cube-on-cube OR, we determined a new OR named as the twin-related OR with the
parallel relationship of [111]c//[111]w, [110]c//[011]y and [112]c//[2 11]u. Generally
speaking, although the above two types of OR are commonly seen in our samples, the
frequency of occurrence of the twin-related OR is Jarger than that of the cube-on-cube

OR, which is possibly related with the interfacial energy between M»3Cq and matrix.

Keywords: Superalloys; M;B/M3B2/M;B;-type boride; Polyhedral stacking; Defect

structure; M3Ce-type carbide
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Table 1-1 Structural information of geometrical closed-packed phase

YiAR y-Ni P-NiAL n-NiTi y7-NigNb  8-Ni;Nb  B-NiAl  a-Ni,AITi
25 Al B Fm3m Pm3m P6;/mmec  [4/mmm Pmmn Pm3m Fm3m
(Strukturbericht) (A1) (L1,) (D04 (D02) (DO,) (B2) (L2)
a=5.114A

a=5.10 A a=3.62 A
R a=3.45A a=3.57A b=425A a=2.88A a=587A
c=830A c¢=741A
c=4.54 A
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Table 1-2 Structural information of carbide

YA MC M,;5Ce MC M;,C M;C; M;C, M,C

FE Fm3m Pm3m Pnma
Fd3m Fd3m Pnma Pbcn

(Strukturbericht) (B1) (D8,) (D510)

a=4.54 A  a=5353A a=47A

a=4.10  a=105  2=1095  a=1038
s “AT2A ~108A  ~125A ~log4a UOSA b283A - b=60A

c=1191A c=114A c=52A
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Table 1-3 Structural information of boride

Wit M;B, M;sB; M;;3B; M,B M,B M;B;
FlEE P4/mbm I4/mem Fm3 [4/mcm Pmmn P6;mc
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mRER : b=7.4 A
c=3.1~33 A c=10.7 A A c=43 A c=4.71 A

c=43 A
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Table 1-4 Structural information of topologically closed packed phase
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Table 1-5 Structural information of some uncommon phase
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a=3.04 A a=3.21 A
R EE a=44A a=1122A a=2.88 A a=6.68A
c=7.39 A =112 A
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Fig. 1-1 Dislocation characteristics in y/y* interface after creep rupture at 1000 °C, 137 MPa for

TMS-138 superalloy
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Fig. 1-2 Mininum creep rates of six different single-crystal alloys as a function of their interficial

dislocation spacing after creep rupture at 1100 ‘C. 137 MPa
142 TEESEREENMA

AR EEA SR — A AN AR, X THATS, RREXME
55
==

Mz LS ERER, —BRRAHNMEEERRERERNES. RRES
STEHTEEEASNNARESSEN, FECEMSME 13 fn, TH

@
=
1]
;—>
2
=
5
&
3
R
e
=
i
>
=
4
=
K
~H
L
B
>
b
2
m
il
3%

Baed s B, NIRmEMREES, EERTRT RIIBMET T
g N\ Z g i T B T EN In718 & MEN, RART P MEet, &
AL T &5, F In718 MIRACEEAIE KRS T 30 C, XWKHIHET
HAFFAAR ). 46, In718 LERGRIAEN v 48, (RZARTE @ik T RA A faE ik,

i AP BIn In718 A& HAT RS, KK y AT I E R, R ER
FERYy RN, FFR T In718 Plus, HAF IR AR In718 M Al EE R & T1E S5 C.
FA—A BB =g R XA E R A4 UT20L1 s, U720 B ARERE S,
HIBAEEREX 710 C, BESIETZESR. BAR S, UT20LIC" RSN

9



Ni 258 4 & P RlB LI SR R T R T

U720, BARIELIRIZIEE R 680 'C, B UT20{k, {2 U720Li REF&EEE, T
LA B A . 3R UT20L1 FURAIE B, 784 A\ P8 Uil & B Co.
Ti TE&E, FREF A Ni-Co BEEHEREE, HBMUME v-NsAL EEN
v’-(Co,Ni)3(Ti,Al), i FRIR E &k 750 C, R R FEARERSNRRES S

T T T T T T T
g NS Target |
S 0 - Powder Metallurgy ;&pm -
= (P/N)
2 75; CEW |
& @ ooty
S e” Rmoaa,a.mxzsams
= 700 L INTDO Rene.sﬂ. §0°C |
§ ma. . THW-2, 29
3 & o ;;;;;;;;;; S _—
Reness ; ’

< urzoti ©
Py 718
= Plus
= gHo R
=
= OwWaspaioy
f &)
g Olnconel 718 Cast & WI’OUght
g £ Oastroloy (C&W)
g 600 - Renedt -
& I

P W S Lok bl oo Soeddonddibn b F ) o .

1960 1870 1880 4380 2000 - 2080 Yedr
B 1-3 R N ESRE SR EREY

Fig. 1-3 The development of the Ni-based superalloy for turbine discs
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Fig. 1-4 Electron micrographs of Co-9A1-7.5W alloy annealed at 1173 K for 72 hours. (A)

Dark-field image (B) Slected area diffraction pattern
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Fig. 1-5 Typical true stress, o, vs. true strain, €, plots showing the types of serration observed.
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Fig. 1-6 (a) Single-crystal CSMX-4superalloy with different orientations (b) Creep curve for

alloys with different orientations at 750 ‘C. 750 MPa
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Fig. 1-7 Creep curve of (a) A-orientation alloy at 750 “C and (b) B-orientation alloy at 850 C
with different stress. (c) Plots of the logarithm of strain rate vs. logarithm of stress at 750 C and

850 C
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Fig. 1-8 Different deformation mechanisms for R88DT alloy. (a) In the coarse microstructure at
650 °C. 838 MPa, microtwinning is observed. (b) In the fine microstructure at 650 ‘C. 838 MPa,
isolated faulting is dominant. (c) In the fine microsctruture at 650 C. 976 MPa, Orowan looping

is observed.
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Fig. 1-9 STEM micrograph of a [001] creep deformed to 6% strain for [001] orientated LEK
single-crystal superalloy taken under a multriple beam condition (zone axis: [100]). The numbered

dislocations cut y’
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Fig. 1-10 Microstructure of TMS-82 superalloy after fatigure (Nf=70); (a) configuration of

dislocations with beam//[001]; (b) deformation twins with beam//{011].
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Fig. 1-11 (a) Monte Carlo snapshot of planar (100) interface under equilibrium condition (b)
Calculated equilibrium composition profile of the interface. The filled and empty circles represent

Al-rich and Al-poor planes
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Fig. 1-12 (a) HRSTEM image of box ABCD including y/y” interface. (b) Average intensity
profiles across row AB through CD showing the composition transition. (c) Progressive intensity

ratios showing the structural transition.
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Fig. 1-14 Cross-section of substrate bond coat interface after 1100 "C for 300 hours exposure (a)

Conventional NiCrAl coating (b) EQ coating
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Figure 1-15 Tensile stress-strain curves obtained at room temperature for Co-9.2A1-9.5W and
C0-9.2A1-9.5W-0.02B alloys.
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2.3.1 FERRITH ERRALEITH

BT3B 2% [A) (AR B AT LU 28 SR M SR B EAT R, BT 9 o 092 [ 1T A
SER T R R T BRI IR, T IR T b % mUR HH VT 22 IR BT T ARG 0 L 45 T g
2 SR T e — RE B IR O BT A 4% Bk T Y. B R T U R R E R AR
SHERIE . ST BT R, EATEACR AT EFRT, SR s A 2 —
ATFKEFHEE )R, FE/RERAXABENA:

u, = = § exp(—id ko) (X, V) Z2EE2 (1 4 cosa)ds  (2-1)

o, ANETREEK, o AIAFRSIHRZEBITIA, exp(-ihko) WA AL
TR, qCLY) ES RE BRI R TN A TR SR

ST IEER/RATE, R /NEIELIEE, B cose T 1, MOME R P ALK
¥(x,y,2) = 5 [0, a0 N R dxdy  22)
Hf, r=[RP+(x—-X)?+({y—- Y)Z]i
F SRR EATHH S, WE R/ TAEREIER R, Mr afIELON,
r~R+ =X+ (y=¥)? (2-3)
2R ?

B RQ)RANBITTFRQ-2), FBFRBEATH A5,

W(x,y,2) = - exp(=ike. R) [, (X, ¥) exp (A0 gy

2R

= exp(—iko.R) [q(x,y) *p(x,¥)] (2-4);
Hip(x,y) = p[M]
ST RIBAHRATE, WER /N TAEREEE R, AN TIREEATS, X
MEFRFE B R E RS %, WA« aliELs,

1 1
ra~[R2+x2 + 9% — 2xX — 2yY]2 = [r? — 2xX — 2yY ]z = 1p — ;"-X — rlY (2-5),
0 0
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K RQ-SHRABHFFRQ-1), A FEBBIRIRMEATH 2K,

Y(x,y,2) =c[[~ q(X,V)exp[2mi(uX + v¥)]dXdY (2-6)
__r _i _x _mu_y _ 2w
ﬁEF'c—ZWO (1 + cosa) exp(—ik.ry), 1—7’0— , m==<="—,
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TR — 458, RIBANRATHIEB B S AT 18 8, N RS T LI
NG e LV i o Ti 2 A =R =S W i ek s/
MBS R q(xy) SHEBRE peoy) B, ST R RIBAMBATHT S, WE
ST (B4 5 A2 ) 3 B A et BT 4T T BB 5T B qoy) I BRI 22 4t
2.3.2 1RQAER

AN T T I R qeoy) BRI RIE N, BN
WP T R B q(y) RE R AP R S i, o s R i AR,
AL B RAETREBE RIS, XEERIEA KA, R R,
B R B k S5 TE L R AR ko ROELDA,

£-[ef o)
H, U sk, B PR kel/h, yOAREGRNBHEG. Z vzt
U B, EEAE

k _ Yo oy
c=1+20 @29),

FRRAERIEE 2 b, AR N

it

I [Fp(r)dz=oy(xy) (2-9),

Heh o= NIEMHHL, yxy)= [ w(r)dz, RBREHEE. WYEES BE0Y,

q(x,y) = explioP(x,y)] (2-10).
Hoyxy)«l B, FRECH Y ATRAEAIY, W RS SR BURIT PRI, B
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qQx,y) = 1 +ioP(xy) (2-11).
W PR R RS/ E IR, SBAT R BATLAE
q(xy) = explio(x,y) — uxy)] (2-12),
Horb p(x,y) B R L
2.3.3 FEMFIERY
BT Y8R TEEA R, MYsRAS B GRESHE, SimasxsGd
FEE R, XY AT VSO I R B AR AR IR E B —AEBI R,
B T(uv)ER. X TEHEE qxy), HEWEEG AT e BT R
AT, PTUAER RO BT B S R B ARk, B Fuv). ATAEE
M BB E RIS, B RBEES) B W AR R O

F v )=Fuy) Twy)  (2-13).

Her, Tuv) XN EESRRE, RIEATDHERREA RS 5 ERIE &
REFRUPL, WEARRBEARIRKX, TUEA

T(u,v)=A(u,v) -explix(u,v)} (2-14),

H expliy(u,v) |95 BEAL S REUOMAITN, Adw,v) AT BEAL 15 R B I IRIBE T
2.3.3.1 HBAIII4E R

TS, AR GE EBmeE. BAESEH L
Hrh Bk R T X 8 5 0 o X v T SR S R 7 R R e AR s FL I A
e AR A FE 18] 25 8] W] AR

xs(u,v) = 265/13(u2 +v2)2 (2-15),

X T RBERT S, B2 R Cs AGE A IEE, BERE S R A3 ZITER.
ETEEGE, RASTYFHEREGmILIEIAL SRR AL ZE R LLFRR

ro(u,v) = TAfA(u? + v*)  (2-16).
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BT ETIEAf, BURTACMEAE. BB BT BuEgx AR
MR REFT SN — G E . BT BT EHSEI & A HEREES, AA A
A X PR IZ 0 BB H R A X RO ARMEE , R BER TR BT F, X

B GBS B AR AL 22 B AR W] BLARE AN .

P R 2 A B 3 AR AR AR A T a2
x(,v) = xs(u, v)+xp(uy)  (2-17)o
BN 2T AR B IR, B R2-1D). Q- 1IDARARER-13)F 2],
F(w,v)=F[1 + ioy(x,y)lexp[ix(u,v)] (2-18),
B 5 53 A 9
I(x,y)=F'[F>(w,v)] {F [ (W, v)]} =120y (x, y) *Flsin x(u, )] (2-19),

HrF 20W(x, y)*F[sin y (u, V)| AERE, B CoGy)ER ST —MHERBE R,
AT — AN N EEEAL, F8 | singwy) | =1 BFERFER, XK
25t Scherzer REE, XTNAEN

1 1
Zoen = doon = 1.15C222  (2-20).

MITERSETE Scherzer REET, siny(u,v) B £S5 A HR 19 55 — A28 m X L HY 22 (8] 2
PR I SRR AN, HAHA

o, = 0.43CiAs  (2-21)
2.3.3.2 ¥RIELAZAAK
ST AL % R SR IR T R B R . R RE!P, WHE
B B 2 AT P AR U IE S 5l 1K el i BOE A IR o 3
A58 R F I Y6 R T AR AR T & AN B R B - 48R 6 BRIKT AR R o
R ChaEE T kA

Aw) = {é x i Yo (02,
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0.2 R B R AR AR T4, BB T R Sh . i Rsal &
5 B BB DA NS AT RS R RS M ST EAR A, ARG AR TR AR R 0B,
I KAR(h, AT LAASS B AR R A2 Hx BB I R R AL B R R T
NGNS L2

G(u,v) = exp[—%nzAg/lz(uz +v?)?]  (2-23),

AHAc At EEE, BERERN

o2(V) . 402() | o2(E),1
V2 12 E2 ]2

A.= C,[ (2-24),

HAg?2(V). oD~ o2(E) S BIR IR B . BhRE AR 5 s TR B AT 2.

sehr b, SHESMAEERNETFRAELTSEFITHREMTH, MERE—
FERBAER, WRRURFIREHSMTI. HX B IRan] g Bt
Yo e FRTH IR B — ARSI, BRARRES

S(u,v) = exp(— 55 (TP} (2:29)
S, V) AR R E L, VI~ B H, 0, = ro/IOVBBILES, . L.
53 RIS R R T T S (B T
BCRELISR, S B RS T RIS,
AUV)=AW)GV)S(uy)  (2-26),

02 AN R B G A B i B DL RO TE B G AR T L 5INPT A B AL
“ELERE T RRERNER DR

ST HAEENS, RERYRFEEWIERE, X TREFERENS,
% ZHORES AN . 825 TR LN IF BBk E RPUEL M, A
R HAERERGREA, EERERBIZHIENAME, REFFNERNETE,
HHMBEREARTFIREETEE, BRTRIRW ORE, ETXMHN
BGHR, S RENSEHTTEER T RERSE T 5 HmE.
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Fig. 2-2 Collection arrange of various detectors in STEM mode
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I(R) = O(R) = P2(R),  (2-27),

Hi, OREWEH I, REMEFEN_FRE, RETIHME LY dela
R, HIRESE T T RS R E R IE . BT RE Z EERER T IR
MBEERE, BFRENK/DERRERDPE,

BT REFRENESMAIEEZE, TR EERNRE#ENEX
(STEM) F It BB 3518 (BF)!*> PRI B35 8 (ABF) 71, #3%$ T STEM-HAADF
4%, STEM-BF/ABF XFiff s EBEREH R T H TR A

2.4.2 X HHékfeE 7 EGE(EDX)

N B TR R A R R, HERREEMM AT R ANHETEH
SAREAEAN, WRFETRETFARBF IR REBRR N T A BT RS,
KA TR A IR ENERRES, RTHEASHETREMRERN, HESHER
FLERTFIREHE ok, RABRHNEERETREN X S8t F RN
Hik. BT RRABRTFRPUERRERREN, M~ ER X SEEFHE0IN,
ALARREE TR, ANEBREEE, XRMNTHMRAZTRIREER.

St Fxes X SRS S KRR, B RBOGEIC R PIRER. BiE
BOR B S AXT X ST MR AT SO KR ITHY . BT R A REE D PER
B(5-10eV). BT L& EEOWTRE R TR EE T IRIK(Z 0.5%) % &
(B T H 2 SRERIE, K. SRR, Wi ERERG TR 2T
WEF, B RARBEEDPIRICN 1306V 4, EHEENES. .
GRS, ERRBEMENRET T ZEA. B8 T STEM Ed BF RS
BAER, B8R AR LAZEAR /N X IR AT, BT LUl 2 2 4
ST, A AR A . SRR K RHTUERL EDX R4, ERAKINES
THAFRMRE, SAREFERBNARE, B8 AT TR T RIER R 7
P, ERE, 7E STEM MR BT AR 75 20 E W A SR, IR X
LT RGO AT R T R R g,
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2.5 HBFEEEHRKIE(EELS)

TR R R I R B R E T AT RS BT IR ST
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2.5.1 EELS iR 31
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Fig. 2-3 A typical EELS spectrum displayed in logarithmic intensity mode
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Fig. 2-4 Schematic diagram of a post-column imaging filter system with main components

included
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E=E MBAATPRGORREE

F=F MBHEHPHPIHKRELE
3.1 3|8

M,B BBILMIESEM. BRESS LRSS TR W, |
BT 35 ok R~H RN, B B 5 MysCe B MyCs BURRALY) BB = FEAR U,
R 5 E AR, FRAMINHAPUETE AR « 3T H G EE A 0 S S5 Hm
=, WAASE. MoB B AENEMRIE, — NERRE LI
Z5 K3 (Strukturbericht 755 C16; ZAIFEAN 14/mem), F— SR NTE G IE
AZ 4K (Strukturbericht 7529 Cy; A [AEEAN Fddd). Goldfarb % AU21F 1995 48
2 X P AN G TR SRR | B MU, TR AEE—R, H Cle 5 G4
AAERERGEH, BAEEAINE 3-1 iR, HERTTLHENEH Cl6 5 Cy 4
My 3 A A0 — #8 B  BX A 26 & B 3% A [110]c16/[100)cy » [110]cie/[010]co »
[001]c16//[001 ]evo AER, e A58 0 2 F B 1) 55 2 A0 5[ 111]c16//[001 Icps
[110]c16/[013]cos [33 1lcie/[015]cy, XFFLL 538 A —TENE R, EAL
XA E SRR BERERT AR E . thsh, Goldfarb & AMEEFXFZER
AT T MoB B2 BR SN, AMXEAEGEEK, REETEMNE
WA A 5 BA GREEM:. BARRBIEECL IR A, B R —E RIS 5
s, HRERZKTESREZERNERR.

AN
H.{,

it

ERIXFER O E LM — AN EERFET MB MK SRREE 2
BEREN, B G MR AT, FEL R TS PR R T N7 R
EaRE !, BT K12 Cp B IR ELARE R B T LR IR Cl6 S5 EAR0E
KHER T C16 5 Co EGMART X 4 RE IR R Cy 4519 T BEAFIE
e ZE >, ER BAR R SRR SRS A R HRE

e RN, BEBRR - BT EEETAEENNBEREN N ELS
. RETHPEDIARE Cl6 fl G, ST a s KBRS, ExtTFHA
BRESZIAN. 2T MB BB N5 &% E S MR, Goldfarb
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Fig. 3-1 Structural projection along [001] direction for (a) Cy and (b) C16 structure. The a,b
directions in respective unit cell are indicated. The capital letters A,B,C,D represents stacking

layers.
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3.2 WA

A R B BB LARE R IOA A RS . TEM SFIIFER A Gatan 691 J5U7E,
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BI(EDP) K& FE3E 75 JEM2010(HR)_F 3878 Bt ri oy 200 kV. R AR SER
(HAADF)%. 85ETE(EFTEM)&. TEM &5 B (HRTEMYR. X S Lt Rk
#(EDX) ML T 65 B4R 2R W (EELS)I4E Tecnai G F30 R3RER, AR 300
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B=E M,B HPRGKREILE

kV. 3REX EFTEM BRI 7 =& A3, % HBETE 300 kV #BAF KM TEM A2
PR A PERAN 02 nm. AFTIEFERIRIE S, AR TEM A
Fischione %5 F40EYE. J T HBR-FHEFEHREMIESZ N, B HRTEM &
BT T 7S RN BRI (ABSF)ER Winener J83%'%, ZF HRTEM K17
[, RARYE HRTEM £ [ PR & B rH(FFT)AS #4521 1SS A € 1Y

3.3 RWERSFIS
3.3.1 KRB EL
4 B HBAE& T KN A5, B4R NI H KER M,B ik, B

3-2 TEM #3545 Bom i okl A BB AT 0 MLB A PRS0, SRR I R R
M, SR REEREER.

K 3-2 TEM Bi37& SR H MoB BUFRLEEEAR A (v/y) BT
Fig. 3-2 Bright field TEM image showing the precipitations of M,B phase within the matrix (y/y’).

3.3.1.1 M,B 1BRY GG

AT HE MoB AR RGN, RIVGE R TR RBAN. N T BRZHE
(T4, BTG T AN LR R B SR T SRR E R TATS, AE— Rk
BTG IR, BT E RSN, RERIZEATE R A SRR A
TEMSEERE. EME, BOTRI, BRI DAL, mE 3-3.
3-4 fizw, AN RIFATIN BERD B ANk, AN 3-1. 3-2 BoR.
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B 3-3 @3 KA B SR ER 0 R 5 L FATE, TR AT A8 (a) [001],

() [102], (¢)[101], (d) [100], () [113], (D) [111], (g)[110], A (h)[210]. #R

X EATHI AR E H A C16-M,B, F[HEEA 4/mem. T30 /7507550 LAY
o2 RS ERH

Fig. 3-3 A series of electron diffraction patterns of a M;B-type boride obtained by large-angle

tilting the crystal. (a) [001], (b) [102], (c) [101], (d) [100], (e) [113], (f) [111], (g) [110], and (h)
[210] zone axis EDP. A C16-type M,B with the space group of [4/mcm is determined according to

the EDPs. The square-framed diffraction spots are proposed to result from double-diffraction.

% 3-1 ROV M,B G55t B T 5T 464

Table 3-1. Reflection conditions of the body-centered tetragonal M,B

(h00) (0k0) (001) (hk0)  (Okl) (hOl) (hkI)

h=2n k=2n 1=2n h+k=2n 1=2n 1=2n ht+k+]=2n
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16°

. (b)
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ooy R o

3-4 FORLEIE KM BEARES REU RV BRFATS, MRS HHAS A8 (a)

[100], (b) [101], (c) [103], (d) [001], (e)[310], (f)[110], (g)[010], (h) [011]

A (1) [013]. MRIBXEATH AT EHA Co-MpB, 2F[AIFE N Fddd. BT 3)77%40
ST HH I BRI EB 43 22 R B S T HE R M

Fig. 3-4 A series of electron diffraction patterns of a M,B-type boride obtained by large-angle
tilting the crystal. (a) [100], (b) [101], (¢) [103], (d) [001], (e) [310], () [110], (g) [010], (h) [011],
and (i) [013] zone axis EDP. A C,-type M,B with the space group of Fddd is determined
according to the EDPs. The square-framed diffraction spots are proposed to result from

double-diffraction.
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Table 2. Reflection conditions of the face-centered orthorhombic M,B

(h00) (0k0) (00l)  (Okl) (hOl) (hk0) (hkl)
h=4n k=4n 1=4n k+l=4n h+l=4n h+k=4n h+k=2n, h+1=2n

k1=2n hJ=2n hk=2n k+1=2n

T B 3-3 KObReE REXT R 3-1 R TS5t I F il e fa sk, T
s H i AT R T C16 51080 MyB AR, H A (MBS 14/mem, S HEL
7 a=0.52 nm, ¢=0.43 nm. FIFERY, FTFE 3-4 75 BEAHRE KIS RIAIR 3-2
T BT S B R TR 4% 4, 7T LA R 1R 40 BB T AT ST X R T C, 54, & A1 Jy Fddd,
SHE N a=1.47 nm, b=0.74 nm, ¢=0.43 nm. FEHULTI%N, AR MoB
Sk EE RN AR R, BD C16 B4R Cy Bk
3.3.1.2 MpB tEH L RSy

N T EITH SR T R E R, BTN RE PR BRI REE
5T (STEMBLR, FHEAT 7. B 3-5a AR AN R (HAADFYR, FRRRRLA
P —A Ak MoB @k, BT S EBRRENTET TS, MB MMM ERER
R TFERDBERE. BRASIEAATREy, v MyB FH BT R X I8 an B
W, B 3-5b-d Zr BN Ry, v I M,B K EDX 15 8. 70, y AEEZEH Ni,
Cr, Co F/LEM W, Mo AR, yHEZH Ni, Ti, AIFILER W, Mo Ak,
i MoB AHFZEH Cr FIDEM W, Mo JLRAM. MB 1) B {7 S AT40E 3-5e
Hi EELS E#E . AT Bor B m R AT A0, BATHE 3-5a FrAGAETEAR Xk
7€ STEM # F#H4T 7 EDX Wi, 4 RmE 3-561 fr. RIEL LELR, A
MistF vy A8, yAHE S NI, Al Ti, %X Co, Cr, Mo ji&k, W nREADAT v
oy f, M TFEEY M y), MpB MES Cr, W, Mo stk HTEIEGCE
%0500 C.B BRI GE /74 IR, BA1SGEAT T EFTEM 23047 . [ 3-5m-o (f] EFTEM
5B Cr-L, B-K 1 C-K fif% B3¢ B — X3k o] %1, Cr-L 9 EFTEM & (& 3-5m)
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B=E MBAPRKRELE

K4t S5 EDX & 58R(E 3-5sh) MR, BEARRBILEAS C. B, REEGET
7 C. BEERMAK, MBHNIBMEERE Cux, WE 3-50 s,

B 3-5 (a) HAADF 4 &7~ 1 Skl T H 59 FtR MoB 485 (b)-(d) 2 AT RE v, 4

M,B MK EDX i#; (¢) TEM # X T EELS i&Xf 3T M,B 4+ B JuERAL T 188ev

KR IR (D-(1) 45128 Ni-K, Co-K, Cr-K, Al-K, Ti-K, Mo-L, W-M 75

RN, S()F HEFEXBAMENR: (m)-(0) AT Cr-L. B-K. CK
e B AR

Fig. 3-5. (a) HAADF image showing a typical morphology of lath-like M2B-type boride
precipitated at grain interior. (b)~(d) STEM—EDX spectra displaying the element distribution in v,
v> and M2B respectively. (¢) TEM—-EELS spectra acquired from the M2B phase revealing the
absorption edges of B-K at 188 eV. The peaks are indicated by arrows. (f)—(I) Element
distribution map of Ni-K, Co-K, Cr-K, Al-K, Ti-K, Mo-L and W-M corresponds to the
rectangle area shown in (a). (m)—(0) Energy filtered TEM images corresponding to Cr—L map, B—

K map and C-K map, respectively.
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[113]ey

(1711,

[]TO]C(G

[ITT]CM

3-6 () EARGEH AT MoB HIEOBS 1R, B8 1. I HAKE: (b)-(d) EDP
SRIFR L A BEREN [001]cs, [113]cis A [111]cis HH: (e)-(2) EDP

SR IX 3 11, 40 B4R 2 [0 11cte, [110]cie FI [111]c1s Siiid; (h) C16 4544
(9(110)c1s FTER A LA EZEF R 2Z BB REE.

Fig. 3-6 (a) Dark field image showing a 60° rotation twin within a M2B grain. (b)-(d) EDPs
patterns taken from area I and indexed as [001]cis, [1 iS]Cl6 and [1 i 1]c16 zone-axis, respectively.
(e)-(g) EDPs obtained from area I with the same tilting condition as (b)-(d) corresponds to [li
1cie, [ 1 iO]Cl(, and [1 i i]cm zone-axis, respectively. (h) Schematic illustration showing the

crystallographic relationship of various orientations viewed along [110]cis.
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ELWEEE I [110]crs J7 1] o SCRIE 528 2 1) B B 1) 5% 22 BT LA IR A9[002] e/ 11
erer, [22 0lcie//[113]c16:r FA[110]ci6//[110]c16t> C16-T 7Rx C16 HUIEREZE So
3-6f Fihi Lk, BHET Cle FRMHEMIERN, HEHEENA(110)cis. X 60°
WEE s SRR T 3AE WA 180°B B B FRAR AL, WK Hx ST S B & 0 2
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Fig. 3-7 (a) Pictorial diagram of square anti-prism; (b) its projection along fourfold axis and (c)

twofold axis respectively.
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Fig. 3-8 (a) Atomic configuration of C16 structure in which square anti-prisms are shadowed; (b)
Atomic projection along [001]c16 showing the stacking sequence of square anti-prisms. (¢) Atomic
configuration of C, structure in which square anti-prisms are shadowed; (d) and (e) are atomic
projections from [011]¢y, and [01 i]Cb directions of C, structure, respectively. Note that the 4-fold
axis of the polyhedra is along [001]ci direction in C16 structure, while 4-fold axis along [011]cs

and [01 i]cb in C,, structure.
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Fig. 3-10 (a) Atomic projections along [1 1 1] of C16; (b) Simplified descriptions showing the

stacking sequence of structural units in C16 along [1 1 1] of C16. (c) Atomic projections along

[011] of Cp; (d) Simplified descriptions showing the stacking sequence of structural units in Cy
along [011] of Cy. Note that the atom fraction coordinates along the projected directions given here

are based on [1 1 1]c16/2 for C16 structure and [011]¢y/2 for Cy, structure.

g g R N 3-9c. d AT 3-10c. d AT BARIL[111]cis 5[001]cy 3%
SR 1) B T R, SRR 3RS _E RO/ X I TE HRTEM 4502 S BLAN HY
S, E% HRTEM & NEEE, F4 7 REMEE LG R, THXM[1 e

47



Ni 2518 & & Pl AL YIRS AL H B R T R AT

[001 Jp -2 VMM 22 %ot i 399 S 56 45 SR 43 AT S P ek 6, W — RO AR R Uk BRI 2 A o
R 5 — el 8T RS R

3.3.22Cl6 5 C, &yt

RIEE 3-9 B4 HAI[001]c16 50010 B0 B R A F RN, WAL, Cl6 5
Cp S5HIFE[001 13T Fn E B AR E, T X Fh G AR 2 —F LA —R
WARE . RAVG IR I A & SChEAERILE, AR REFIARRN
[001]c16//[001]cb, [110]c16/[010]cys [220]c16//[100]coo RS, 3-10 Fra (11 Ucie
[011]cy 552 B R HRAUARR 5[001]c16 5001 ]cp tEFARLE. FEitL, C16 (Cy)
AT LS Cy (C16)H 60°HER6ZEdh Cu-T (C16-T)FEAEF 2, FATFRR A ILEAR
s M AR KM, TR B 35 2 ) LR 9[002]c16/[011 oy, [22
0]cie/[01 3 Jeb [2201c16/[100]cy BR % [11 1c16//[002)cs, [1 1 3 Jeie//[020]c,
[220]c16//[100]cy o

WRIBLL_ LT &, 2 ANIPIZRR Cl6 5 C, HE MBI R RS Goldfarb
2 )\ 2055000 5 R — SRR AR R R 7E T C16 BY Gy AT TES 60°HEH 25 dh - Goldfarb
2 N ACAPI G2 [ B IE# SHER, MkSANLRFERR Cl6 5 C 4
Al Y PR Fav o
3.3.2.3 C16 5 C, RHERESE

HELF, C16+ Co FIMERZERIF B E AT B R IUBAEZ A, BT
DUFRE ] 3-9. [ 3-10 FT4 B I[001]cre. [001]cps [111]cis FI[011]cs HIFRRZ I K
HE RSB R A Rt BRI T, BATHTLAE Cl6 M Cy
ggrp sl N B — 24, HESZ ORI TR RIRET. R R
C16. Cp Z5HITE[001]ci6n [001]cy BFELEMMWE 3-11a. ¢ Frm. EBITIIAKE
KREEHIEITT(AS By AL B), B 3-11a. ¢ FiRmBkIEEE T LAE4L, 205040 3-11b,
d fiR. WRIBLEM AT RIBNER R, RATITURE SR E 1 Clo KR
SR N(110)c1s, RN R B A11c16/4, Co GHRIEEEE (100)c, Z4B1L
BRBRNOI /4. HE—DS0H, FIHE C EMPINB—ERE, METRHE

48



H== MBHFHSFKRRELE

MH 2 BUALEN, FRICH N1 &5#. KT N1 SHMKEANPRET —/ M its
o

(a) '®-°'G;' '@' ., :(b)a A aa
ey AAAA

e Cr0 B0 :.o:oo:-o:co: SFA é A é

¢« Crl/d -B1/4 *&° 4" a" 8 >

e« (Cri/2 -B1/2 @.‘.@.o.e.o.@.o.@ _B_ B _B_

e Cr3/4 -R3/4 o.oo.oo.to.o B BB

, OR-C-cR-o 40! =
SO ICICIN B BB
C16 [001] C16 [001]

(c) Tesresteatee (da A A A
.o,o.o 0.0 oo!o B B B
to.o:e.o:“c.n-l: A A _A_ A
BAE B N
:E:E:E:X:JELA AAA
*o oo so oo é A A A—Nl

eCry -BO 8 8 ° 8" 4°

e Crt/d -B1/4 ;9.‘.9.‘.!.6.?.‘ B B B

o (r1/2 +B1/2 _ee eo os oo AAAA L

e Cr34 B34 !.5‘?.6:.6.9.5: BMB B—

®B 14, 3/4 :%:%:%:"%: - -
02,00, 0,0, é A _A_ A
C, [001] C, [001]

Bl 3-11 (a) #H— 245 C16 Z5MIIE[001 o1 77 R BIEESZ B (b) [001]c16 T8
STRLEIRILRTR; () H—NEHH Co EHE[001]c, HRIFIIREZE: (d) [001]cs
BERRKFELRR. BEHEME. BPERET R B EeirmE iR,
fE Co &MFBINE, BT —MHNZEEEH NL, RAERDFHRR.

Fig. 3-11 Structural projection along [001] direction of (a) C16 structure and (b) C, structure with
single stacking fault included. It is shown that a new order structure (referred as N1) as indicated
by vertical arrows form in the faulted C, structure. The stacking faulted layers are indicated by

horizontal arrows.
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Fig. 3-12 Structure projection (a) and the corresponding simplified description (b) for N1 structure
along [001]y; direction; Structure projection (c) and the corresponding simplified description (d)

for N2 structure along [001]y; direction. The newly formed structures caused by ordered stacking
of structure units A, A, B, B are demonstrated. The atomic fractional coordinates and the lattice

vectors of a and b were written in the orthorhombic form for both N1 and N2 structures.
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Table 3-3 Structure type, space group, lattice parameters, Wyckoff positions and fractional atom

coordinates for N1. N2 structure.

Structure Space group Unitcell (nm) Atom  Fractional coordinates

Cr,B P6,22 2=0.423 Cr(6f) 0.500 0.000 0.390
(N1 or Ca) (no. 180) ¢=1.095 Cr(6)) 0.166 0332 0.500
B(3a) 0.000 0.000 0.333

B(3c) 0.500 0.500 0.500

Cr,B C2/m 2a=0.423 Cr(8i) 0.168 0.833 0.665
(N2) (no. 12) b=2.186 Cr(4g) 0.500 0.788  0.000
c=0.421 Cr(4g) 0.500 0.889 0.000
B=60.4° Cr(4h) 0.000 0.945 0.500

Cr(4)) 0333 0.000 0.833
B(4g) 0500 0.416 0.000
B(4h) 0.000 0250 0.500

B (4h) 0.000 0.417 0.500
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Fig. 3-14 (a) [001]cis and (b) [110]c1 HRTEM images of a C16 structure with stacking faults
indicated by arrows. The vertical lines in (a) and (b) correspond to (1 10)c1s and (00116 planes,
respectively.
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Fig. 3-15 (a) HRTEM image taken along the [013]cy, direction showing details of a 60°rotation
twin in the Cy, structure. The lower part of the image corresponds to its twin form. (b) <011>¢y
lattice image taken from the same area as in () but with a 30° tilting angle along the [100]co
direction. (c) [001]c, HRTEM image of C, structure with stacking fauits indicated by the arrow.
The oblique lines in (a) and (c) correspond to (101)c, and (110)Cy, planes of Cy structure,
respectively. (d)—(e) A quarter of the simulated diffraction pattern of [010]cp and [1 iB]ClG
zone-axes. Transmitted spot is highlighted with a circled cross. (f) Schematic displaying the

zone-axis alternation during tilting along the [100]c direction for C, structure.
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Fig. 3-16. HRTEM images obtained from different areas of one single grain with the same tilting
angle corresponding to (a) [001]c16 and (b) [001]¢y, directions, showing the normal intergrowth of
C16 and C, structure. (¢) [013]¢y lattice image taken from same the area as (b) but with 30° tilting
angle along the [110]c;¢ direction. The superposed letters (A, A, B and B) represent the stacking
sequences of the structure units. (d)—(e) A quarter of the simulated diffraction pattern of [001]cy
and [1 i 1]c16 zone-axes. Transmitted spot is highlighted with a circled cross. The solid square

represents double diffractions resulting from dynamic effects.
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3.3.3.3 C16-5 C,-M,B &tz [a|gitt 4

B 3-16 1 HRTEM 4B E T [F-— M,B f:ki, BT RMREEKR, TiER
BLALA TR 4 P 8 . B 3-16a. b XF R [A— SRR PIng, B 3-16b. ¢ XTM
TR —uk, (EMIREAARE. B 3-16a 0] LAE—HREAN C16 LHIHI[001]c16 F
Wi, T 3-16b HEEZ, WHREN C16 LMK 1]cs 7 HEE C, &MY
[001]cy 1), BEAUNE 3-16d. e Fizm, LA _LHIAS &y 4h 0 T 75 38 20 A A
R, ST XBAT X5, BRSNS — &R —rgRIMNE. J0E
[110]c1s 75 MBS 30°0), BT E 3-16c B%R. B1FE 3-16c 7] LAME—HiE N Cp
ZERIMI[013]co 1A, FTLAE 3-16b XFRZA[001)c, JT 1A, HIMATEARE, Cl16 5 Co
SRz FIEEER L, XFEAEERWERIRXRS 3.32.2 MTED K &EE
S B R—BU

EE- XN

PR RN NN RS

& 3-17 HRTEM B E R Cl6 5 C, 2 A2 S dt4d, BH k.
TR ER A X 385 AT R [001 ]ci~ [011]cp 7 Ml

Fig. 3-17 HRTEM image showing the twin-related intergrowth of C16 and Cy, structures. Stacking
faults in C16 structure are denoted by arrows. The upper and lower part of the image corresponds

to [001]ci6 and [011]¢y direction, respectively.
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& 3-17 9 HRTEM B A&/ e B X i, Bi& TR D 24
St REF C16 Z5HI19[001]c16 F Cy S54G1I[011]co. TERULATHAE C16 55 Cp FHLIH]
A5 SRS R SR . XA SRR RS 3322 M HHREFEE
SRR,

FIEF, B Ts2i6 B AR I SRR RG], BATAFIRETE HRTEM BI& H3k
BEAEAT(A. By A, By E—-NERBETF. BLEEAITUE HRTEM &
I E AR M R T R R HERIR S, 51 3-9b. d 1[001]cies [001]ch 5052
B (T 4. 3 7 A Ko S PRI R 23 S 7E B 3-16a b FRAd B AR 7R o b 2T 1B 3-10d
(1 Co ZE5HIRI[011 o FERL B P A HE BRI 7E B 3-17 WPl P s

& 3-18 (a) [011]c, 77 17) HRTEM BB~ AR 2 B G #4 2 8) B354, R A ]
d 79 0.37nm; (b) A FFHERATAE B2 TRk, HES A Y 3d 8% 6d.

Fig. 3-18 (a) HRTEM image viewed along [011]c, showing the intergrowth of various structures
with different periodicities stacking along [100]c, direction. The basic distance d equals to 0.37nm.
(b) Repeated stacking faults in (100) plane resulting in new local structure with periodicity of 3d

or 6d.
3.3.3.4 M,B tHh & B R LEH
0P 3-2 B T BN, MoB AR A& REMRRRE, JXM)=
S MR B AR BT 2 BUA SN . BT MoB AR BTE 45 MR AR 1 di i
BHA PAGE— A a=(n*0.37) nm, b=0.74 nm, ¢=0.43 nm, n NFLLEEL, 75 R
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SR, BATBIANT —ANEAEH d, HXFRIEEEY 0.37 nm. 8 3-18a XN T
Co Z5HIVRT01 1 1co 7 AR — UMK, WLUE H 3d &5 4d 852 A
St 4d EIEANIRIT C, 454, 3d AN R N1 M E0E N2 SHE)RE A B
3-18b 4 T B XM A A 3d 5L 6d LA A, 5K 3-12b. d HATE
BRI R R AN B, (001w~ [001 T 3852 B o BT B2 B HE SR 20 73 7E B 3-18b
WA L. ETAeaH.

3.4 IhNEE
ET U g BRI, AEMNTESLERWT:

1. & BEiRE4, KN 2UG , BRI AP FBHT H KR8 MoB R .
M,B #H 3 B A G BAR R L, — AR K C16 451, 73— NN Co 551
A MoB BB E Y Cl6 Bk Co 4514, B—H oMb RN &% Clo M
Co PIPP £ H 2244

2. LB SR ASAAEAEERENHERZER. Cl6 SHIEHEA(110)cs,
BAE IS R B A 11 ]cie/4; Co SHKZH T A100) e, EHENMNBEREN
[011]cv/4

3. 7E C16-F1 Cp-M,B G5 AE /A, #777E 60°TE %522 X T C16 ST =
WEEE B [110] 1, 25 2 [V BL 2 & T LA R 9[002]c6//[111]ci6m, [22 0Jcis/[11
3lcien [110Jci/[110]ciers T Co GHITIS, MeBsHEH[100]cy, 28 A1 [A
% 20T PR H[002]eu//[011]ep-r, [020]eu//[01 3 Teb-t, [100]cy//[100]cre

4. ST MoB AT S, C16 M C, BIFHEEAAR IR AT DASEALFE — S, FPAEpfE
AR, BDIER R A SRR . T IEH AR S, Rk
Z A LLFE R A[001]c16/[0011co, [110]c16//[010]chs [220]c16//[100]cps X T 25 FAH K
SE AT 2, HUA 35 B AT B R 9 [002]is//[011]ow, [2 2 0Jcrsl/[01 3 Jes,
[220]c16//[100]cy B [1111c16//[002]cs, [11 3 Jeis//[020]ch, [220]c16//[100)co <
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5. R T2 RGBS, FAESEERT MB B & AR LS
MR SR o a2 N S PR BT LR T Co &M H—li— N IER rifE LR,
HE R a=n*acy/d (T T C16 458 n=2; X T N1 &8, n=3;%T C, 44, n=4; n
RFLL TFE), b=bcy, ¢=ccpo

6. FTFIRIMEMEL, XTT M,B AN K& FIORERE SR EE . efa
fh FLARTAE A AR T, HIE R AR M X B S B RN S TH
PRETE R AR, X R IUEER BT AN 8 MeiE TR .08 B IR
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BINE  M;B,/M;sB; HH HY Wyckoff fLE B % E A HE
41 58

BTk T EiR s h B R R RN R R R TR, NI RALERE S
I $hBe A TIRKIR S, EM MRS B G i Aom AR 2 72 R H
UL @mE AR, miRE &M HiEe ) R % ITR Moy Ruy W, Ta.
Re HIEAEBINRMTNGR. %R ETTANEENYT M ME N ER
TR, EIRITEHE A, RS SR, mApFR. Mimt. £
prasl”™ 74 T sebb i hin o™ B R A ST AR, RIS
KRR, W AT, B, AR —Fa DU LA/ N B R R ek
(SRR E B (TLP) R AR M 31 48 T A AT OB A ks mUERITTR
Wl ZROMANER MR R . RS, BT B RN, EEE
R B MR B R A R R AR AT TR0, T T X A R A A BT AR
A LME AT A R 21X A TLP SRR

e A 4l LTI MBI M B, 184 1851 gl 1L 1861 =
Fho AEXTT M,B EUHR{GA, MiBy. MsB; BUEIALME H WL, EAAT XA
WEEFIAIRAE R B = o Beattiel" S TR X SHERATHT (XRD)SE R 27, 1R H T MsB,
R Yh 4B R A B IONES, B M;B i &BET M AR 75,
TR B F LR AR, BREEGEA, WE 4-1 Fis. [ElT HSrE s mat
TREVIE, WA LEENEGIERE. st SRESTRSTHENS
B, BET XRD KHEMRMR. BN, SR et EE—iE,
SREARE I R BR B S — AR AR T . Xtk T OB XRD T VAR E & &
BRI AERE. £EME, 5 XRD ML, &5 B8(TEM) ] IR/
[ I X e A AR A . B S E R, kEANIPBRNEET MsB,
A B, R 42 FoR, BAUUHATHR AT RIEEAEK . T
M;Bs BB H B . MsB, BB B AT & M3Byy MsBsy MoB =%
2 BN ESHEER, IENESH. EEENR, MXEHUI RGNS
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Ni 25 R E & PB4 KR T R RE T

() & G ARRAI BT B A, IR 04T B F ATEA R rh i SRR
IR AR

oM

oM o a o
B L] L] o L

4-1 M3B, (MM Bo) BRI AL 001177 [ b s B P

Fig. 4-1 Structural projection of M3B(M>M’B,)-type boride along {001] direction.

K 4-2 (a) TEM B335 2R & FbT ROV BECER MsB3 AR (b) TEM R & RoR
i MsBs MR P SRR, A AR R O E !,

Fig. 4-2 Bright field TEM micrograph showing continuous film-like MsB; boride along the grain
boundary region; (b) Dark filed TEM micrograph showing some structual details of the continous

Ms;B; boride film, the top left is a higher magnification image.
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EER, BTREFERMEIARVANE, M TENEETE, Lkt
TEM B 0E 2 ARE S B R(STEM) P #%, A2 TRKES, EAHR
BB 1A BLF. XBE, MRIREER, RE UBTRERIES AR AE, AR T RE
YT T AL IS 8TIT ek, AR B ERER R B, XX
WAL GRS A T R T R, IR LT T 5B IER.

ok, A IIE S AT AL R e S Y IX A 1) R AT T BRI, 0 B AR L
R 5 R R G 1) B S R B P ERZ 7 IE BB AR IR A FT BB 1. & 4-3 XS RLT MisBs
FE[110]wmsp3 B[ 5 HRTEM [, 5 _b £ 48 B nf R K FET #53% B - AIE 2= 8] HRTEM
R % 5 M A, MsBs ARTE(00 ] )wses T LA BRI, JEDN T IR A BRIG A
HA AR AR . B 4-4 XSRT M3B, HI[110]vss2 BUF #9 HRTEM B, £ At
R FFT 471t & T M B A Fh BB, I IE 2% R MR BB s A BT 22 4L
B SUARREA G, {EXFhAS (b 2645125 (/] (19 FRT SR A EARE, (001 msse T
ERRAE, T FRIE R R A BB G . 3T HBRIGART, WA
HRTEM S HrdEE AR .

4-3 W BRIELE IR MsB; HIEI[11017 [/ HRTEM, 7 LA i B 9 8,5 BRI L
B R AR A

Fig. 4-3 HRTEM of defected MsBs-type boride along [110] direction, the top right insetisa FFT

image of the M;sB; incuded the defected area.
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4-4 A BRIGEEFIE MsB, AHRI[110]75 1M HRTEM, A b AiEESE & FahL
& R AR

Fig. 4-4 HRTEM of defected M;B,-type boride along [110] direction the top right inset is a FFT

image of the M;B; incuded the defected area.

10.6A

e B Cr,B,a=5.46 A c=10.64 A

4-5 CrsB3 MBS (a) [100] (b) [110]77 B K& /aHRFE2A.
Fig. 4-5 Structural projection of CrsB; along (a) [100] and (b) [110] direction.

B B HTarsn, MsBs BRI M;B, AHROHEI GG, RO L, HuE & WER
(K BR [H] 9<100>BE<110>1% 8 Z . B 4-5 B 4-6 73731l 9 MsBs (CrsB3)~M3B5 (V3Bo)
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FIEEDL T AR EE . STESE M R T, B BT REUEIE
59, MERTRE 28 EBTARG. P EREE<100>F<110>77H L& E/R
FHEABRENREEELA N 08 A LL, MEGERIEHESEST, HAADF-STEM
4R AR 0.7 A, FrULTAT{E Bl HAADF-STEM Xt M;B,, MsB; & )& J5i 7 & 2%
R, RN HSREE AN

(a).e [y R > @ » (b). e © & @ o e o @

[ i-l-%éa 2@ @ @ o o o © M@ e @

léo e &5 o o l:fo o ol oo
e ® - S 4A e e o 0 @
[100] [110]

eV -B V.B,a=5.8A ¢=3.0A

B 4-6 V3B, #HVE () [100] (b) [11015 MBIz E.
Fig. 4-6 Structural projection of V3B, along (a) [100] and (b) [110] direction.

42 LA

AW K RGN B AR 4-30 B 4-4 BRAL, HPTERRESA
C AEFRE4). TEM FHEEESH Gatan 691 R, WHEAMHNS5 kV, 7°. 6°%
W 40 min, SCYWRHFLIE. 3°3 10 min. F %I FH7 5 (EDP) XL B TE
JEM2010(HR) [ 3515 B /E L 9 200 kV. H AN IHEHAADE). REELNE
(EFTEM)/%. TEM @4 ¥FRHRTEM)E. X SR SRS EDX)ME FHEE
I (EELS)IITE Tecnai G* F30 L3RER, #AEHE159 300 kV. 3REX EFTEM
B, BATRAET =% 0%, B 300 kV BEHE KK TEM X TR A
S 0.2 nm. HAADE-STEM B4 HHRTE Titan’ ™ G* 60-300 L3RHL, %
EHT RN EFEE RS T, 23T kE CEOS AR MMIRER IE4, #
YRR 300KV, TRETFRE 24 EEN, BFRICEMALN 25 mrad, HHE
HRE1TAUT, FIxtRsPERmT 0.8 A,
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FilFER 55 IF A RO S0 RE &, TEMEERTZE B P L 5oy 1 kV & HF T
920 min, RAHEEBRERBSIER. APIERERBEY, WA TEM |l
238 Gatan Solarus 950 B F0EBE. AT BT HERE BRI AR, A
HRTEM B3953#47 T 375 M 58 (ABSF)E, Winener 3831, Z2TETR
Bl 7 AR ), Rl w4 W EMG AT PR B i (FFT) 22 45 2 1Y
SE AT E . '

B 4-7 SR A T TR M3By K B0 R B BT AT AT, X R i b )

BN () [001], (b) [101], (c) [201], (d) [100], (e)[112], () [111], (g)[110],

A (h) [210]. AR X AT AT B 5E H 2 M FEHY P4/mbm. BT 3577 R im0 3
(IR o 2 R BT FHTHER

Fig. 4-7 A series of electron diffraction patterns of a M3B»-type boride obtained by large-angle

tilting the crystal. (a) [001], (b) [101], (c) [201], (d) [100], (e) [112], (D [111], (g) [110], and (h)
[210] zone axis EDP. The square-framed diffraction spots are proposed to result from

double-diffraction.
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£ 4-1 RIS MaBy Z5H%t B AT 214

Table 4-1. Reflection conditions of the simple tetragonal M;B»

(Okl)  (hOl)  (h00)  (OkO)

k=2n h=2n h=2n k=2n

43 SLWERSTIE
4.3.1 M3;By/M;sB; 1HHY B A L5

KT HE T A SEE B, RGBT AT RN . BT s
1 F PR, B BURTET R N2 A SRR R, REA RRATIRS 2 D W SKkAT
5, AR HE—HESHE. KRGO KRBT, WE 4-7. B 4-8
7R 43515 B M3B, K1 MsB; AH « B 4-7a-c 71 7 HE BBl (E <100>RT 55 BE A —ATH
UM E 4-7d Y M T . FIRERS, B 4-8b,e FHAEBE<101>ATH BN —IRHT
i, ATCAMAE 4-8d FERHIE . & 4-7. B 4-8 Bl AT AR 4-1.
% 42 iR, EFXHE 47 055 REE 4-1 FEAUHRIURESHT, MsBy HH SR
RN a=5.7 A, ¢=3.0 A, FF[EEEAN P4/mbm. FEHVIH, M;B, HHEA DSa
(Strukturbericht F77R)&E M . = TX B 4-8 HObRE KK 4-2 B H IR 21T
MsB; M SRS B BN a=5.7 A, c=10.4 A, Z[AFEN 14/mem. BVIH, MsBs
#H.EA D8, (Strukturbericht FR7R)45H4 «
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(QoL L, . .

4-8 SRR A PR B SREN A9 MsBs AR RO R B BT AT, XL 0 s iy a4

B9 (a) [001], (b)[101], (c)[301], (d) [100], (e)[111], (f)[221], (g)[110],

A (h) [210]. ARIEIX ELATHT AT A 2 25 (B BF P4/mem. B T2 775 AT 88 10 HY 3L AY
W2 RDE A ITHERE

Fig. 4-8 A series of electron diffraction patterns of a MsB;-type boride obtained by large-angle
tilting the crystal. (a) [001], (b) [101], (c) [301], (d) [100], (e) [111], (f) [221], (g) [110], and (h)
[210] zone axis EDP. The square-framed diffraction spots are proposed to result from

double-diffraction.
F 42 MO0 MsBs S5 %S R AOAT 5T 4545

Table 4-2. Reflection conditions of the body-centered tetragonal MsB3

(h00) (0k0) (001) (hkO)  (Okl) (hOl) (hkl)

h=2n k=2n 1=2n h+k=2n 1=2n 1=2n h+k+l=2n
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Ni-L

Ni-K
Al-K
Ni-K
¢ 2000 ao;cmm (::;:—a 200 13200
B-K
[, . \ .

10660 15300
Energy (ev)

K 4-9 (a) HAADF 87 T Skl A AT H 9 M;Bs A8; (b)-(d) 73 B RL v, v
M;B, #1 EDX #; (e) TEM & EELS &%} BT M3B, #H+ B TTERALT 188ev

RO (D-(k) AR Ni-K, Co-K, Cr-K, ALK, Mo-L, W-M KJLERDT
#E, 5@ EAEX AR R (1)-(0) /A% TR BT CrL.
W-M. B-K (et iEG. ()P kirmd it v 8.

Fig. 4-9. (a) HAADF image showing the M3B,-type boride precipitated in grain interior. (b)-(d)
STEM-EDX spectrums displaying the chemical composition of y, y* and M3B,, respectively. (e)
TEM-EELS spectra acquired from the M3B, phase revealing the absorption edges of B-K at
188eV. The B-K peak is indicated by arrows. (f)-(k) Element distribution map of Ni-K, Co-K,
Cr-K, Al-K, Mo-L and W-M corresponding to the rectangle from shown in (a). (1)-(0) Energy
filtered TEM  images corresponding to zero loss peak filtered map, Cr-L map, W-M map and

B-K map, respectively. The arrows in (m) indicate the secondary y’ precipitates in the y matrix.
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4.3.2 M3Bo/M;sB; VL FE R 5

4-9a A HAADF &, B8 H M3B, AR7EEAR b S p0HT i, SRR L,
M;B, M BRI, BoREEEFIEFRE. B 4-90-d 7350 NE
y, A M3B, #i EDX B, FTA, y MHEESHE N, Cr, Co, WM, yHE
Bl Ni, AlFDER Cr, WAR, T MB#FEH W, Cr, & Mo MiE
1 Co AR%. MsB, A B L& 5 B Qi 4-9¢ EELS #HR. ABRHTRES
FZ AT A7, BAIKT 4-9a AR X ST T EDX T3, HEKLGE R
4-9fk iR, 5y ML, vHEESS ALL W, %% Cos Cr. MJLE Ni. Mo fE vy
My AP AT EEGY), MiB, HEH W, Cr. Mo, RHERE
TTE B 0, BATHAT T EFTEM 447, WK 4-91-0 fiim. &l 4-91 AFHKIE
1%, S M;3B, Ml 5 2 ARA AL E  7E B 4-9m 1) Cr-L A& 4-9n B W-M &,
M;B, 45 B4k 2 8] f9AE ST FE 5 B 4-9h A1 k B9 EDX 4R —5. K 4-90 XF
NF B-K R38R, BoRE B 7 MsB MR 4010, MEEPJIFAE B. 2T
M;B, M IR 24 (L 4-9a, 1, m, 1 o), TATKLE 4.3.5 s i FE4H o

Cr-K W-L

Ni-K | W-L
1 WL Mo-K

T T T H
5000 10000 15000 20000
Energy (ev)

4-10 (a) HAADF AH 8 7% H AR P BRHT H A9 MsBs A8 (b) MsBs AHBTE B Y

EDX &1,

Fig. 4-10 (a) HAADF image showing the MsBs-type boride precipitated at grain interior. (b)

STEM-EDX spectrums displaying the chemical composition of the MsBs;.
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& 4-10a 4y HAADF 14, B~ MsBs MI7EEA SR AT, SE4M
e, MsB; MRS R HEENAE, BrEEENFRERET T B 4-10b XRE
M;sB; A EDX B % L& 4-9d 1] 4-10b A 41, MsB; 5 MB, #H#iEZ 1 W,
Cr. Mo 4%, B = ERARIE ARl (EAF4EMEE, B 4-9d H (Hw-m+Hwmo-1)/Herk
A 2.9, T E 4-10b 1 (Hw-vrtHyvor)Herx EREIE 4, FH Hwvs Hyor # Herk
4 AFE W-M. Mo-L. Cr-K (& E. MT EDX Wi m BEX N To R L %Al
A, BT, AESTT MiBoAH, MsB; HEESEILE W, Mo. HifH
FRGAE 4.3.5 F4AH,

% 4-3 W,B. V3B, CrsB; I HZER, FaEHME B M. Wyckoff fiI
BAEFH LR ER

Table 4-3. Structure type, space group, lattice parameters, Wyckoff positions and fractional atom

coordinates for the W;,B, V3B,, CrsBjs structure.

Structure Space group Unit cell (nm) Atom Fractional coordinates
W,B 14/mem a=0.557 Cr (8h) 0.169 0.669 0.000
C16 (no. 140) c=0.474 B (4a) 0.000 0.000 0.250

V (4h) 0.173 0.673 0.500

V;sB, P4/mbm a=0.576
V (2a) 0.000 0.000 0.000

D5, (no. 127) ¢=0.304
B (4g) 0.388 0.888 0.000
Cr(16]) 0.166 0.666 0.150
CrsB; [4/mem a=0.546 Cr(4c) 0.000 0.000 0.000
D8, (no. 140) c=1.064 B (8h) 0.625 0.125 0.000

B(4a)  0.000  0.000 0250

433 BiIREERE

BEIEA 4R WA MiB,y. MsBs. MpB AH, AERE=FZ BAEK
%, RIS L —SBTENASHNSRFERER 434 H. RERPREL
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A5, DA E =AU ARG a Gk BE L ACAEILL, MsBs (0 ¢ BHC AT MLB AN
c HiKBE S M;B, B ¢ B 2 RER0AN.

M,B, (DS)

M B (C16)

o« M ‘

e B - M_B, (D8)

&l 4-11 M3B, (D5a)~ MsB; (D8)). M,B (C16)fI S ffin = &, BASZAR I ARas 4Rk
o N 45 M 1 22 THT A

Fig. 4-11 (a)-(c) Atomic configuration of M3B, (D5a), MsB; (D8,), M>B (C16) structure in which
the basic polyhedral unit of trigonal prisms and anti-square prisms for each structure are shadowed.

The [001] stacking direction for each structure is indicated by arrows.

B SCgR Ty 163, 166 168, 1691 g dp b g B AR K R Bl 2 A HESR A ARy, H B
BEFAT 2HEE TG, MERREFATZHARNTA. SERE MByy MsBs,
M,B i S TE RS, B 4-11 4H TR = R R, Kb 2wk
BHELER s bR . T LB R HE . MBy #HFE[001]77 1), 58 B =HAT R HER
HRR, B 4-11a FoR. 10 MoB MEFE[001]77 1A, 564 i S PUREAT JZ HE SRR Al
1 4-11c FiR. T MsBs MIZE[001175 1 1, B =R 5 IR DUBRAE R A & HE bk
Q. T EREMT, BATB=HHEESEN T, T, RIDBEEREKN A,

Ao B T, AFHRENEZEARMXT T T A fE[001]77 1 L& 36.7° ek . @il
BN S, MsB, MITE[001]77 [ BT AR 28 TTT 863 T'T'T, MaB
FRTE[001]77 1] b HESRWT LA R A AA’AA’, MsBs AHZE[001)77 [a]_EHEBeR] IRIR
N ATATAT . HT U L= G LIRS ERARERR, ML
THEKES FESBER, R EREES =H AT e, HEEx

% N [100)m3e2//[100]m28//[100]msB3  ~ [010]m382//[010]m28//[010]Mms83  ~
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4.3.4 M3Bo/MsB; #8H i Wyckoff (L EHFF

WAL IR B FATE R AR 04T, T AN MsB, M DS, 461, HAM&E/ETT
HALL AP, BEFLERKHNETREE W RHE Mo)f R T2
BN AR E(FE Cr K ER Co)o BT B8 MsBy il & BIET M A S 1L,
BATHAT T @Y 2 WHEBO . B 4-12a SR M3B, AB[001]msp2 7 FIHY
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Fig. 4-12 (a)-(c) Atomic resolution HAADF-STEM images taken along [001]msp2, [100]m3s2 and
[110]uss2 direction showing the ordered occupation of metal atoms M in the M3B,-type boride. (d)
Atomic configuration in the unit cell for M3B; phase with ordered occupation of metal atoms. The
blue ball represents the large metal atoms (designated as L) such as W and Mo. The green ball
represents the relative smaller metal atoms (designated as S) such as Cr and Co. The B atoms are
indicates by red balls. (e)-(g) Structural projection of M3;B; with ordered occupation of metal
atoms along [001]msp2, [100]mss2 and [110]ysea respectively. The main directions in each
zone-axis are indicated by arrows. The arrow indicated atomic columns 1 and 2 in a-c and e-g
indicates the same atomic occupation but with different AND along the projected direction. The
atomic columns marked by 1 and 1° has the same AND along the projected direction but with

different atomic occupation.

74



S0 M;B,/M;B; 8 # Wyckoff ir B FFHIZ 3L 4E

(@) =2 .E_::?/‘ @@) . 6(@. .'ga®."'°go
° o ® ¢ % ® 0P ° % BolP ¢ °°°

. ‘e o # [o10] & ’& ‘g" ' .oé L.]ootﬁé

.IS‘ & .o K ‘Q o‘ §tﬂa co oo % o c%gge

B ° o] o ele ¢ ® Y oc%%e s e o0 ©
e L4 b ve €8 cec e o6

¥ Le ® ¢ ©[100] ¢ ° ¢ ° *

b e & e » o6 oo @ 0 % 8 0.8

1SS S - S R TN Sl Wit

K 4-13 MsB; P& BEFHET 50. (a)-(c) BEFREMN HAADF-STEM &

4RI RIF[001]. [100]. [11014H; (d) N&BETFHFF AALH) MsB; (LaSB3)

HERFAEE, LRERTERANERE, SKRERTFEENMERE. (-7
S5 NG ALK LeSBs AHYR[001]s  [100]. [110]75 M nE B

Fig. 4-13 (a)-(c) Atomic resolution HAADF-STEM images taken along [001]wmse3> [100]pmsp3 and
[110]sps direction showing the ordered occupation of metal atoms M in the MsBs-type boride. (d)
Atomic configuration in the unit cell for MsB; phase with order occupation of metal atoms. The
blue ball represents the large metal atoms (designated as L) such as W and Mo. The green ball
represents the small metal atoms (designated as S) such as Cr, Co. The B atoms are indicates by
red balls. (e)-(g) Structural projection of MsB; with ordered occupation of metal atoms along
[001]msg3, [100]mss3 and [110]uses3 respectively. The main directions in each zone-axis are
indicated by arrows. The arrow indicated atomic columns 1 and 2 in a-c and e-g indicates the same
atomic occupation but with different AND along the projected direction. The atomic columns
marked by 1 and 1” has the same AND along the projected direction but with different atomic

occupation
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4-14 [100]v3p2 B ) HAADF-STEM 1§ 7R M3B, AR 36T —E R U HE

Fig. 4-14 Atomic resolution HAADF-STEM image along [100]m3g2 direction displaying the single
anti-square prism intergrowth in the M3B,-type boride consisted of trigonal prisms. The stacking
sequence of basic polyhedral units (T, T*, A) along [001 Jm3g> are indicated. Compared with
trigonal prisms designated as T, trigonal prism Tr has a 36.7° rotation along [001]ns3s2 stacking

direction.
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Fig. 4-15 Atomic resolution HAADF-STEM image along [110]msp; displaying the single
anti-square prism intergrowth in the MsB;-type boride consisted of anti-square prisms and trigonal
prisms. The stacking sequence of basic polyhedral units (T, T’, A, A’) along [001]usg; are
indicated. Compared with anti-square prism designated as A, anti-square prism A’ has a 36.7°

rotation along [001]ysp; stacking direction.
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Fig. 4-16 Atomic resolution HAADF-STEM image along [100]usp3 displaying two trigonal prism
layers intergrow in the MsBjs-type boride consisted of anti-square prisms and trigonal prisms. The
stacking sequence of basic polyhedral units (T, T°, A, A”) along [001Jusp; stacking direction are

indicated.
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Fig. 4-17 Atomic resolution HAADF-STEM image along (a) [100]n3s or [100]yss3 and (b)
[110]msg2 or [110]use; displaying the large scale intergrowth of M;B,-and M;sB;-type boride. The
stacking sequence of basic polyhedral units (T, T”, A, A”) for M3;B, and M;sB; along [001] are
indicated. The red and green arrows in a-b indicate large metal atoms layer (designated as L) and

small metal atoms layer (designated as S) respectively.
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Fig. 5-1 Simulated EDPs along (a) [001]m23cs, (b) [011]m23c6, (¢) [001 ]mec and (d)
[011]mec zone-axis displaying the similarity for the characteristics of diffraction

between My3C¢ and MgC phase.
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Fig. 5-2 Dark field (DF) image showing the M,3Cs carbide precipitated (a) along grain
boundary and (d) in grain interior. The number I and II in (a) represents two grains of
matrix (M). (b) Composite EDP obtained from the region containing M23Cs (C) and
grain I along [001]c//[001]m. (¢) Composite EDP obtained from the region containing
M,3Cs and matrix along [141]c//[110]u zone-axis. (c) and (f) schematic diagram
corresponds to (a) and (c) composite EDP respectively, in which the transmission
spots are omitted. Moreover, the black and red spots indicate reflections of matrix and

M,;Cs carbide respectively.
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Fig. 5-3 Composite EDPs between M,3Cg and matrix along different zone-axes: (a) [0
1016//[2 2 1]w, (b) [112]c//12 11w, (¢) [011]¢//[101]n and (d) [110]c//[411]wm. (¢) The
(001) stereographic projection describing the Guox analyses of EDPs displayed in Fig
5-2¢ and Fig.5-3a-d, in which the (2 02)r, (2 20)r, (022 )r, (2 11)r and (121)r
denoted curves represent five traces of respective planes. (f) The (111) standard
superimposed M3Ce/matrix stereogram describing the twin-related crystallographic

OR between My3Cg carbide and matrix (hkl: matrix, hkl: M23Cs).

R REd, RATERA—EEBHRER . W TrdE R B 5 1 &
Ma3Co AR BT S BAR D, HIL S BRI AR REF 3L 7 30 07 VIR IR R B, T8 AR
SR E M2 AR B A S R o THTE IS UKL S, B AT KR
M3Co Al o REFSTT-ILJ5 25 ERAR S AL ] 56 FRAE AN ZORE A AR AR 0L, 2

89



Ni ZHRE&PWARIRE RS NIR T RIZ N

A5 S S5 L A 56 R B J LR B RN 7 - ST AL R R /MR %, i, Bl
YE S I Ma3Co AR5 FAA (8] (0 A EHFIER I HE XA R . 15, HEAFHARER
WL EIH) MasCe MEEA E SRMIMEAFEIMARR, BEARIMIT- TR
R, B R RAI SR, B MasCe 1T H A AR #8 B8 B B HIHUIRRFE
SEARR A ELR S YERARFER, WE 5-2a M d Bias.

AEn(criaces

3 ~é} %
97
>ty

e NVathNas

S e

5-4 JEF R EE ARG @), (b) [001]c/[001]m F1(c), (d) [110]c//[110]wv
s Bl R M3 C AR5 B AR AR 37 7 - 31 7 7 1) 9% FR B~ 25 (I 0 T 1) 9
ERAFE

Fig. 5-4 Atomic resolution HAADF-STEM images viewed along (a), (b)
[001]c//[001]mand (c), (d) [110]c//[110]m zone-axis displaying different interfacial
types between My3;Cq carbide and matrix with the cube-on-cube crystallographic OR.
The crystallographic directions along the projected direction in M,3Cs carbide and
matrix, and location of the interface are all indicated.
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Fig. 5-5 Atomic resolution HAADF-STEM image projected along [Oi 1]c// [iOl]M
zone-axis showing the interface between M,3Ce carbide and matrix with the
twin-related OR. The crystallographic directions along the projected direction in

M,;C, carbide and matrix, and location of the interface are all indicated.
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Fig. 5-6 A high magnification HAADF image displaying the contrast inhomogeneity

inside M»;Cg grain. Five characteristic areas inside M,3C¢ grain are denoted by A, B,

C, D, E respectively. As for the area E, it is divided into two parts named as E1 and
E2 with the contour outlined by dot line. The hollow line represents the EDX

line-scan area.
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Fig. 5-7 (a)-(c) Atomic resolution HAADF-STEM image corresponds to area A, B
and C respectively displaying the structural characteristic for above areas. (d) Electron

diffraction obtained from area E2 displaying the structural feature of y* phase.
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Fig. 5-8 (a)-(d) EDX map obtained from area A, B, C, D, E corresponding displaying

the chemical characteristics for above areas.
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Fig. 5-9 EDX line scan result showing the composition fluctuation along the yellow

line indicated in Fig. 5-6.
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